Updated information and services can be found at: Rickettsia rickettsii, the causative agent of Rocky Mountain spotted fever, was lethal for the majority of experimentally and transovarially infected Rocky Mountain wood ticks (Dermacentor andersoni). Overall, 94.1% of nymphs infected as larvae by feeding on rickettsemic guinea pigs died during the molt into adults and 88.3% of adult female ticks infected as nymphs died prior to feeding. In contrast, only 2.8% of uninfected larvae failed to develop into adults over two generations. Infected female ticks incubated at 4°C had a lower mortality (80.9%) than did those held at 21°C (96.8%). Rickettsiae were vertically transmitted to 39.0% of offspring, and significantly fewer larvae developed from infected ticks. The lethal effect of R. rickettsii may explain the low prevalence of infected ticks in nature and affect its enzootic maintenance.
MATERIALS AND METHODS
Ticks and rickettsial strains. Adult ticks (D. andersoni) were collected by flagging in Ravalli County, Mont., from Como Lake (CL) and Blodgett Canyon (BL) on the western slopes of the Bitterroot Valley and from Skalkaho Mountain (SK) on the eastern slopes during each May from 1994 to 1997. A group of second-filial-generation (F-2) SK uninfected ticks originating from a single wildtype (F-0) female and six groups of F-1 BL uninfected ticks originating from six F-0 females were established in the laboratory (25, 27) . The strains, origin, and passage history of the rickettsiae used to experimentally infect these tick groups are listed in Table 1 . These rickettsial strains include Como-96, an isolate purified from F-0 CL ticks during this study. In addition, several F-O CL ticks naturally infected with R. bellii and R. rhipicephali and F-0 SK ticks infected with R. peacockii were fed for fecundity studies.
Approximately half of each tick group was experimentally infected with rickettsial strains, while the remainder were maintained as uninfected controls. Both the infected and uninfected tick groups were divided into two cohorts, which were then incubated without a photoperiod at either 21°C or 27°C between blood meals. The number in each cohort which successfully molted and fed was recorded, as was the number of progeny reared from a portion of infected and uninfected adults. Replete larvae and nymphs which failed to molt within 5 months were considered dead. To compare the mortality and fecundity of infected ticks with those of uninfected siblings, statistical analyses were performed on a portion of the results by using chi-square tests of the observed mean relative to the expected mean with 1 degree of freedom. Salivary glands and ovarial tissues were dissected from adult females postoviposition and stored at Ϫ5°C for further testing (32) .
To evaluate the impact of low temperatures upon tick health, approximately half of two tick groups (F-2 SK) were infected with R. rickettsii (Como-96) during nymphal feeding. For those which molted, infected adults and their uninfected siblings were both subdivided into two cohorts, which were then incubated at either 4 or 21°C for 8 months. Those surviving the incubation period were allowed to feed for 6 days and then detached. The number of viable, infected ticks which attached was compared with that of uninfected siblings by a chisquare test. Salivary secretions from partially fed ticks were collected with a capillary tube but without application of pilocarpine and stored at Ϫ5°C for further testing.
Vertebrate hosts. A maximum of 500 larvae, 250 nymphs, or 17 adults were fed per guinea pig (12-week-old male Hartley guinea pigs were used). Each tick group was fed on a separate host. The ticks were experimentally infected with rickettsial strains by feeding upon rickettsemic hosts, namely, guinea pigs inoculated intraperitoneally on day 0 with 0.25 ml of a suspension of approximately 10 5 rickettsiae per ml of brain heart infusion (BHI) broth (40, 41, 43) . Larval, nymphal, and adult ticks were attached on days 4, 1, and 0, respectively. Concurrently, uninfected tick controls were fed upon uninfected, normal guinea pigs. Infected adult ticks were fed upon guinea pigs immune to RMSF, enabling them to feed to repletion without the hosts succumbing to illness. Immunity was conferred through two intraperitoneal inoculations of 0.5 ml of heat-killed R. rickettsii suspension (10 6 rickettsiae/ml of BHI broth) administered 2 weeks apart. Every guinea pig inoculated or fed upon by ticks was monitored daily for RMSF by recording the rectal temperature and signs of clinical illness, namely, scrotal reaction and darkening of extremities. Upon euthanasia, testicular tissue, spleen, and blood were collected from each guinea pig and stored at Ϫ5°C for further testing.
PCR assay. All ticks, their progeny, and their tissues were screened for rickettsiae by a PCR assay. The ticks were surface sterilized by being washed in hydrogen peroxide and then ethanol (32) , and all samples were triturated in 0.5 ml of BHI broth with a mortar and pestle. The samples tested included (i) a portion of fed larvae and nymphs from each tick group, (ii) salivary glands and ovarial tissues dissected from adults following oviposition, (iii) a portion of larvae reared from each ovipositing adult, (iv) a portion of nymphs and adults which died, and (v) tick salivary secretions. Similarly, guinea pig tissues and sera were tested. Vero cell cultures of R. rickettsii, uninfected tick tissues, and uninfected Vero cells were also tested as controls.
For the PCR assay, 0.5 ml of each tick triturate, guinea pig tissue, or whole blood was processed with a DNA extraction kit (Stratagene, La Jolla, Calif.) as specified by the manufacturer for whole tissues or blood but with a reduction from the recommended reagent volumes by 95%. Precipitated DNA was pelleted, washed, dried, and resuspended in 50 l of 10 mM Tris (pH 8.0). Two separate primer sets which detect members of the genus Rickettsia (RpCS.877/ 1258R) and spotted fever group rickettsiae (Rr190.70/602R) were used (18, 45) . Samples generating PCR amplification products with both primer sets were considered infected. To confirm the identity of the rickettsial strain in each group of infected ticks, restriction fragment length polymorphism (RFLP) analysis (18, 32) was performed on PCR products amplified from a tick immediately after a rickettsemic meal, a dead tick, a salivary gland, ovarial tissue, and a larval offspring. For each rickettsial strain, RFLP analysis was performed on PCR products amplified from the testicular tissues and blood of an inoculated guinea pig and one fed on by infected larvae or nymphs.
IFA tests. To confirm infections, indirect fluorescent-antibody (IFA) tests were selectively performed on tick specimens, including (i) fed larvae and nymphs, (ii) salivary glands and ovarial tissues dissected from adults following oviposition, and (iii) unfed larvae reared from each ovipositing adult. IFA tests were also performed on tick salivary secretions, guinea pig tissues, and the controls listed above. For IFA tests, 10 l of each triturate sample was fixed to a slide with acetone and stained with anti-R. rickettsii guinea pig serum and then with fluorescein isothiocyanate-labeled rabbit anti-guinea pig serum (32, 34, 37) . Rickettsial loads were measured for the following samples: (i) rickettsial seeds used to inoculate guinea pigs, (ii) a portion of replete ticks immediately and 4 weeks following a rickettsemic meal, (iii) a portion of infected ticks immediately following the nymphal molt, and (iv) tick ovarial tissues following oviposition. For each of the infected tick groups tested, their corresponding uninfected siblings were included as controls. As described above, all ticks were surface sterilized and triturated. Rickettsial loads were quantified by both plaque titer determination and direct counting modified for staining triturate filtrates by the IFA test (34, 53, 59) .
RESULTS
Wood ticks originating from the western (BL) and eastern (SK) slopes of the Bitterroot Valley were experimentally infected with six separate rickettsial strains (Tables 1 and 2 ). For comparison, uninfected sibling, uninfected F-0, and naturally infected F-0 ticks were also studied. For each group of experimental ticks, rickettsial infections were monitored by a PCR assay immediately prior to feeding and after molting, feeding, and oviposition. The infection status was confirmed by IFA tests for all but 17 samples, namely, fed larvae and nymphs. PCR-RFLP analysis confirmed the presence of R. rickettsii in the 17 samples negative by the IFA test. Furthermore, PCR-RFLP analysis confirmed the presence of R. rickettsii in experimentally, naturally, and vertically infected ticks. Direct counts and plaque titer determinations detected fewer than 10 3 rickettsiae per larva or nymph (20 larvae or nymphs tested) immediately after they fed on rickettsemic guinea pigs (infected with the Como-96 or Wachsmuth strain). Both eastern (SK) and western (BL) slope tick groups were susceptible to and transmitted R. rickettsii (Table 2) . a Rickettsial infections were determined by PCR-RFLP analysis and IFA tests. Fed immature ticks were tested immediately after a rickettsemic blood meal and after the subsequent molt. Adult female tissues were tested after oviposition.
b Approximate number of ticks fed with approximately 500 larvae or 250 nymphs per tick feeding group. The number of tick groups fed on separate guinea pigs is given in parentheses.
c These ticks were incubated at 4 or 21°C, and after they underwent partial feeding for 6 days, their salivary secretions were tested for rickettsiae. All other ticks were incubated at 21 or 27°C.
d These samples were tested in pools of 10; all others were tested individually. e BL, Blodgett Canyon; SK, Skalkaho Mountain; NT, Not tested; none, ticks all died prior to testing; NA, not applicable.
A notable difference in infectivity for guinea pigs and ticks was observed among several rickettsial strains. The strains (Como-96 and Wachsmuth) grown in chicken embryos or animal tissues were highly virulent. Nonimmune guinea pigs fed upon by ticks infected with these strains developed classic RMSF with high fever, scrotal reaction, and presence of rickettsiae in tissues and blood. The Swan strain also induced lethal RMSF in guinea pigs, while adult ticks acquiring it oviposited nonviable eggs. Rickettsial strains (R and Sawtooth) cultured in Vero cells were of low virulence and induced mild RMSF when inoculated into guinea pigs. Ticks acquiring these strains failed to maintain rickettsiae (Table 2 ) and remained apparently healthy. Concurrently, no rickettsiae were detected in any uninfected control ticks by the PCR assay, IFA tests, plaque titer determination, or direct counts.
Significant mortality was induced in wood ticks experimentally infected as larvae or nymphs with highly virulent R. rickettsii (Como-96 or Wachsmuth), while the majority of uninfected siblings developed into feeding adults (Fig. 1) . Nymphal molting and adult-female feeding success were significantly reduced (P Ͻ 0.001) for infected ticks compared with uninfected controls (Fig. 1) . No significant difference (P Ͼ 0.45) in molting or feeding success occurred between infected ticks held at 21 and 27°C, between two tick strains (BL and SK), and with either rickettsial strain.
For nymphs infected during larval feeding, 94.1% of ticks infected with Como-96 (825 of 877) and 97.7% of those infected with Wachsmuth (252 of 258) died after an uninfected blood meal but prior to molting. In contrast, only 1.4% of uninfected nymphs (14 of 1021) failed to develop into adults. Overall, 96.9% of the dead nymphs from the infected groups (31 of 32) tested positive for R. rickettsii. Each of the surviving ticks (a total of 10 were tested) contained approximately 6.5 ϫ 10 6 rickettsiae 4 weeks after the nymphs fed. Nearly equal numbers of male and female ticks (27 and 30, respectively) survived the molt, and each contained approximately 1.0 ϫ 10 7 rickettsiae (a total of 5 were tested). Only 30.0% of infected females (9 of 30) successfully fed, which was significantly lower (P Ͻ 0.001) than the 90.7% of uninfected control females (108 of 119) that successfully fed (Fig. 1 ). Of these, 66.6% of infected (6 of 9) and 81.5% of uninfected (88 of 108) fed ticks oviposited.
High mortality was also observed for ticks infected during nymphal feeding. For these ticks, 34.9% (176 of 504) died during the molt and 88.3% of adult females (189 of 214) failed to feed. For uninfected siblings, 2.1% (12 of 572) died during the molt and 19.2% of adult females (59 of 307) failed to feed. Overall, 100% of the dead ticks from infected groups (40 of 40) tested positive for R. rickettsii.
Ticks infected with Como-96 that were held at 4°C had a significantly greater (P Ͻ 0.01) survival and feeding success than those held at 21°C (Table 3) , but the success rate was still significantly lower (P Ͻ 0.005) than that of uninfected controls. No significant difference (P Ͼ 0.45) in survival and feeding success occurred between uninfected ticks at the two temperatures. Only 36.2% of infected ticks (25 of 69) attached (Table  3) , and, of these, all the salivary secretions tested were positive for R. rickettsii (a total of 10 ticks were tested). Of the 25 feeding ticks, 8 remained attached only for 3 to 5 days, ingested only a small volume of blood if any, and remained viable for an additional 3 months.
Adult ticks experimentally infected as larvae or nymphs with highly virulent R. rickettsii vertically transmitted rickettsiae to 39.0% of offspring (23 of 59 adults) ( Table 4) . Although only a portion of the progeny inherited rickettsiae, 100% of the 20 adults tested were infected after feeding as nymphs, an observation consistent with transmission between cofeeding ticks (42, 43) . Subsequently, 97.5% of infected progeny (235 of 241) died prior to adulthood. Ticks experimentally infected as adults with R. rickettsii and R. montana had ovarial tissues with as many as 2.5 ϫ 10 7 rickettsiae following oviposition, but they failed to transmit infection vertically to offspring (Table 4) , a result consistent with some (38, 43) but not all (6) past studies.
The number of progeny developing from ticks (F-1 BL and F-2 SK) infected with the highly virulent Como-96 and Wachsmuth strains as larvae or nymphs but not as adults was significantly smaller (P Ͻ 0.001) than that developing from uninfected siblings or those naturally infected with symbiotic R. peacockii (Table 4) a Chi-square tests of observed mean relative to expected mean with one degree of freedom determined that the survival success and feeding success of infected ticks incubated at 4°C were significantly greater (P Ͻ 0.01) than those held at 21°C but still significantly lower (P Ͻ 0.005) than those of uninfected controls. Results are given as percentages (number showing successful survival or feeding/total number).
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DISCUSSION
In this study, we quantified the pernicious effect of R. rickettsii for its tick vector (D. andersoni). Beyond high mortality, far fewer offspring developed from infected ticks than from uninfected siblings. In a previous study on vertical transmission of R. rickettsii by wood ticks, Burgdorfer and Brinton (6) noted reduced survival and fecundity in an undisclosed portion of female ticks after several successive generations. However, the true extent of this adverse impact remained unquantified until now. The lethal effect may limit the natural incidence of R. rickettsii and offer a plausible explanation for the relatively low field infection rates in adult wood ticks. Coupled with 39.0% vertical transmission by ticks infected as larvae or nymphs in this and previous studies (42, 43) , our findings imply that horizontal spread of infection must exist for enzootic maintenance. Any fluctuation in the lethal effect may cause RMSF to emerge or disappear in areas where suitable vectors and vertebrate hosts exist. Ecological factors which may influence the lethal effect of R. rickettsii on the tick vector, D. variabilis, in the southeastern United States, a locale with the highest reported incidence of human RMSF cases (11) deserve investigation.
For the natural RMSF transmission cycle to succeed, wood ticks must function as both vectors and overwintering reservoirs. Since any reduction in the survival of infected ticks would have a profoundly negative impact on their vectorial capacity (19, 29, 46) , it is imperative that suitable vectors feed more than once to acquire the infection and pass it on. Despite the high mortality of infected ticks, 1,077 larvae acquiring rickettsiae during feeding survived to transmit the infection as nymphs, suggesting that they are a critical link for R. rickettsii to cycle between vertebrates. Meanwhile, few uninfected nymphs ingesting rickettsiae survived to feed as adults, suggesting that they are less critical to perpetuating the RMSF cycle. This may explain the low prevalence of naturally infected adult ticks. The ability of infected adults, and potentially other stages, to attach but only partially feed may contribute to the RMSF enzootic cycle by allowing the same tick stage to remain viable long enough to attach a second time and transmit rickettsiae to a new host.
In spring, adult ticks emerge to feed and transmit R. rickettsii via salivary secretions (17) (see above). The bacterium may then cycle through vertebrates into overlapping tick generations and between cofeeding ticks. Along with RMSF recrudescence comes the opportunity to disseminate and evolve beyond the niche limitations of a single host species of arthropod or vertebrate. In seasons or locales lacking a sufficient number of susceptible vertebrate-amplifying hosts, R. rickettsii may disappear or may rely on transovarial transmission for its maintenance. Since continued vertical passage through successive arthropod generations may lead to avirulence (58), rickettsial strains of moderate or low virulence (39, 41) may arise. Globally, a broad spectrum of Rickettsia spp. has emerged and ranges from arthropod symbiotes to infectious agents of animal and plant disease (12, 44) . The ability of avirulent strains or symbiotes to interfere with the transmission of RMSF remains an issue (8, 32, 33, 43) . Further, the evolution and perpetuation of novel rickettsial strains in localized tick populations may offer insight into the discrepancy of human mortality rates due to R. rickettsii from year to year or in different geographic areas, as exemplified by a 5% fatality rate in the Snake River basin, Idaho, and an 85% fatality rate in the Bitterroot Valley during the early 1900s (36, 50) .
The mechanism responsible for rickettsia-induced tick mortality remains unclear. However, given that infected adult ticks incubated at 4°C survived better than those held at 21 or 27°C, plausible explanations may include reduced rickettsia-carrying capacity, heightened rickettsial virulence, or shorter rickettsial replication periods with increased temperatures. Studies on the poorly understood rickettsial inactivation-reactivation phenomenon, whereby rickettsiae apparently change from an avirulent, overwintering state into an infectious pathogen during tick feeding (35, 42, 43, 57) , may provide a better insight into the interaction between rickettsiae and ticks. The factors associated with rickettsial virulence may be addressed through investigations on (i) the inactivation-reactivation phenomenon, (ii) the reduction of rickettsial infectivity for guinea pigs and ticks following Vero cell passage analogous to that described for Borrelia burgdorferi (51) , and (iii) reversion of low-virulence R. rickettsii to highly pathogenic strains by passage in chicken yolk sacs (43) .
Our findings on the lethal effect of R. rickettsii for its tick vector are consistent with those reported for the cycling of numerous other arthropod-borne microorganisms, including both biologically and mechanically transmitted pathogens. For example, the agents of epidemic typhus (R. prowazekii), bubonic plague (Yersinia pestis), leishmaniasis (Leishmania major and L. infantum), onchocerciasis (Onchocerca spp.), filariasis (Brugia spp. and Dirofilaria immitis), malaria (Plasmodium spp.), mosquito-borne encephalitides, and African swine fever have been reported to reduce the survival, fecundity, or fitness of their vectors (1, 13-15, 20-24, 26, 28, 31, 52, 54) . Less clear is the effect of the agents of tularemia (Francisella tularensis) a Chi-square tests of observed mean relative to expected mean with one degree of freedom determined that the number of offspring from ticks infected with R. rickettsii as larvae or nymphs was significantly smaller (P Ͻ 0.001) than that of uninfected ticks or those infected with R. peacockii.
b Progeny were tested as larvae. Those reared from ticks infected while immature were screened individually; all others were tested in pools of 10 or 25. Results are given as number infected/total number. c NA, Not applicable.
and Lyme disease (B. burgdorferi) on their tick vectors, although pathological effects have been noted (2, 10) . Future studies on the transmission dynamics of arthropod-borne microorganisms may be prudent to consider their potential effects on vector health and behavior. Continued investigations on the tick-rickettsia interaction may provide a better understanding of the factors influencing the emergence and distribution of arthropod-transmitted pathogens. Over time, rickettsia-induced vector mortality may alter the host-pathogen relationship to include fluctuations in rickettsial virulence, tick survivorship, and incidence of rickettsioses. The significance of symbiotic and infectious arthropod-borne agents for vectorial capacity deserves greater attention. Such studies on the ecology and evolution of hostpathogen relationships may also ultimately lead to improved detection, prediction, and control of vector-borne infectious diseases.
